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Abstract

The flow in a realistic model of the human lung is numerically simulated at steady
and unsteady inspiration and expiration. A model of a human lung ranging from
the trachea down to the sixth generation of the bronchial tree is used for the
simulation. The numerical analysis is based on the Lattice-Boltzmann method,
which is particularly suited for flows in extremely intricate geometries such as the
upper human airways.

The results for steady air flow at inspiration and expiration for a diameter based
Reynolds number of ReD = 1250 evidence secondary vortex structures and air
exchange mechanisms. It is shown that the asymmetric geometry of the human
lung plays a significant role for the development of the flow field in the respiratory
system. Secondary vortex structures observed in former studies are reproduced and
described in detail.

The solutions for unsteady respiration allow a detailed analysis of the temporal
formation of secondary flow structures whereas the time dependence is much more
pronounced at inspiration than at expiration.
Keywords: computational fluid dynamics, Lattice-Boltzmann method, respiratory
system, human lung, unsteady flow.

1 Introduction

The human lung is a complex respiratory system consisting of a repeatedly
bifurcating network of tubes with progressively decreasing diameters. The under-
standing of the flow processes in the upper human airways is of great importance in
developing aerosol drug delivery systems and to improve the efficiency and usabil-
ity of artificial respiration. Numerous experimental and numerical investigations of
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lung flow have been conducted so far [1–5]. However, due to the high geometric
intricacy of the human lung, there is still a considerable amount of uncertainty
concerning the very complex flow field and results for realistic lung models are
still rare. Most of the investigations are based on simplified models of the lung
structure. The most popular of these models is the so-called Weibel model [6],
which describes the bronchi as a symmetric tree structure of subsequent bifurcating
tubes with 23 generations. However, in most of the studies only the first three to
five generations are considered and a planar representation is often favored for
simplicity. In [7], detailed experimental studies were performed for a planar Weibel
model where fundamental flow phenomena, such as m-shaped velocity profiles and
counter-rotating vortices, were described. It was shown in numerical studies [1,8],
however, that the flow field for the non-planar configuration differs significantly
from the planar case. Studies considering asymmetric bifurcations [9], non-smooth
surfaces [10] and CT-based models [2, 5, 11] show that the inspiratory flow in the
upper human airways is asymmetric and swirling and the results emphasize the
importance of realistic airway models. Generally, the aforementioned results show
that an accurate lung geometry, i.e., CT data or a real human lung cast, is required
to obtain physically relevant results.

However, when numerical simulations are considered the accuracy does not
only depend on the geometry, but also on the quality of the numerical method, the
computational resolution, and the boundary conditions. Therefore, it is necessary
to validate the numerical solutions either by experimental results or by a detailed
comparison with existing numerical data from the literature or by proving the
quality of the method through an analysis of a similar, well established flow
problem.

The present work focuses on the detailed investigation of the three-dimensional
flow in a realistic model of the human based on an actual lung cast. The geometry
covers the trachea and the bronchial tree down to the sixth generation. A silicon
model of the same geometry has been experimentally investigated in [3]. The flow
field is simulated via the Lattice-Boltzmann method (LBM) [12]. Unlike former
numerical and experimental investigations, in which a simplified geometry was
used, the present method can be efficiently applied to variable, realistic airway
geometries. For instance the flow field downstream of the laryngeal region has
recently been investigated in [13] by an LBM. Since the numerical method is
capable of reproducing small-scale features of lung flow, the results serve to
fundamentally understand respiratory mechanisms. Thus, the numerical results
allow an extended analysis of the three-dimensional flow structures observed
in [3].

The steady flow field at inspiration and expiration has been simulated for a
constant Reynolds number based on the hydraulic diameter of the trachea D

of ReD = 1250. Furthermore, the flow field at time dependent inhalation and
exhalation has been computed with a peak Reynolds number of ReD = 1050
and a Womersley number of α = 3.27, where the Womersley number is defined
as α = 0.5D

√
2πf/ν and f is the frequency of the respiratory cycle and ν is the

kinematic viscosity of air. The results mainly serve to fundamentally understand
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the three-dimensional flow structures within the upper bifurcations of the human
lung under normal breathing conditions and the time-dependent development of
the flow field.

The structure of this paper is as follows. First, the numerical method is briefly
described. Then, the results for steady air flow are presented and compared
with experimental data. Subsequently, the temporal development of secondary
flow structures are discussed. Finally, the findings are summarized and some
conclusions are drawn.

2 The Lattice-Boltzmann method

In the following, a concise description of the Lattice-Boltzmann Method (LBM)
using the Bhatnagar, Gross, and Krook (BGK) [14] approximation will be given.
A detailed derivation of the LBM and an extensive discussion can be found in
[12]. The BGK approximation uses a simplified collision term for the Boltzmann
equation leading to the so-called BGK equation without external forcing

∂f

∂t
+ ξi · ∂f

∂xi

= ω(f eq − f ). (1)

The quantity ω represents the collision frequency, f eq is the Maxwell equilibrium
distribution function, f is the particle distribution function, and ξi is the i-th
component of the molecular velocity vector. That is, the left-hand side of Eq. 1
contains the temporal change and the propagation term, whereas the right-hand
side describes molecular collisions. The corresponding algorithm is based on the
iterative computation of propagation and collision processes for each cell of the
computational grid. The macroscopic flow variables are determined by summation
over the base moments of the distribution function f .

Since the LBM formulation is based on a uniform Cartesian grid, it is highly
adapted for parallel computation and it offers an efficient boundary treatment
for fixed walls. The computational grid is automatically generated from arbitrary
surface data by an in-house grid generator [15]. The ability of reproducing variable
organic geometries makes this method well suited for biomedical applications.
The standard LBM describes weakly compressible flows and it has been shown
in the literature [16] that the LBM yields indeed solutions to the Navier-Stokes
equations. All results presented in this study for the incompressible flow in the
upper human airways have been obtained by the Lattice Boltzmann method using
the BGK equation (LBGK) method. More details on the numerical approach can
be found in [17, 18].

3 Results

3.1 Steady flow field

To understand the global structure of the flow field, simulations have been
performed for steady inspiration and expiration at a constant Reynolds number
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(a) (b)

Figure 1: Reference plane to compare experimental and numerical data (left) and
definition of the location of the cross sections for the investigation of
secondary flow structures in the left primary bronchus (right).

of ReD = 1250. The value for ReD is based on the hydraulic diameter of the
throat and corresponds to a mass flux of 240 ml/s. A Dirichlet condition, i.e., the
velocity distribution, has been imposed at the tracheal cross section at inspiration
and expiration. To validate the numerical solutions, the results are compared with
experimental data obtained by Particle Imaging Velocimetry (PIV) measurements,
which have been performed using a silicon model of the same lung geometry [3].
The results are investigated at a reference plane the location of which is indicated
in Fig. 1(a).

The comparison of the velocity magnitude contours at inspiration in Fig. 2
shows good agreement between experiment and simulation.

The numerical bulk velocity distribution in the tracheal section is nearly
identical with the experimental profile and the decomposition of the mass flux
in the left and right primary bronchus is very similar. The velocity contours at the
upper left primary bronchus, which indicate a recirculation region with counter-
rotating vortices whose axes lie in the stream-wise direction, are also in good
agreement.

At expiration (Fig. 3) the numerical and experimental data for the velocity
contours are also alike, although the velocity magnitude in the numerical solution
is smaller than that in the measurements.

The velocity distribution in the tracheal region appears to be more developed in
the experimental case. This slight difference is likely to be due to the boundary
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Figure 2: Velocity contours and distributions at inspiration at ReD = 1250; PIV
(left), LBM (right).

Figure 3: Velocity contours and distributions at expiration at ReD = 1250; PIV
(left), LBM (right).

conditions at the outlet cross sections of the highest generations of the bronchial
tree. In the experiment these cross sections were accessed by drilling holes in
the silicon body for mass feeding or discharge, respectively. In the simulation a
vanishing velocity gradient has been prescribed at inspiration and expiration.

The current numerical method allows a detailed investigation of secondary flow
structures in the primary bronchi. These flow structures have been observed in
other numerical studies [5, 8, 9] and in experimental findings [3, 19]. The velocity
distributions and contours in the left primary bronchus at four cross sections
described in Fig. 1(b) are shown in Fig. 4.

At inspiration Fig. 4 shows that the main mass flux is located near the lower
wall indicated by a high stream-wise velocity. Downstream of the first bifurcation
a pair of counter-rotating vortices develops in which air is transported away from
the high speed region along the outer walls. The left vortex has a center of rotation
near to the upper wall and fills up nearly the upper half of the cross section. The
right vortex is much smaller and is located very close to the right wall. The vortex
pair has also been observed in the experiment [3]. Additionally, the analysis of
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Figure 4: In-plane velocity distributions (arrows) and axial velocity contours
(shades of gray) in several cross sections defined in Fig. 1(b) in the
left principal bronchus at steady inspiration (left) and steady expiration
(right).

the numerical data emphasizes the strong asymmetry of the vortical structures.
When the next bifurcation is reached, the vortices do separate and each one enters
a branch of the next bronchial generation as shown in Fig. 4(d) at inspiration.

At expiration the stream-wise velocity is fully distributed and the indicated
vortical structures clearly possess a much smaller ratio of azimuthal momentum
to stream-wise momentum than at expiration. The mixing of two streams coming
from the higher generation bronchi generates a shear layer which develops into
a slightly swirling region in Fig. 4(c). In Fig. 4(a) an in-plane velocity, pointing
upwards, is evidenced near the walls. In conclusion, the findings of the steady flow
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Figure 5: Modeling of the unsteady flow by a sinusoidal distribution of the mass
flux.

field confirm that much more secondary flow structures are generated at inspiration
than at expiration.

3.2 Unsteady flow field

In order to investigate the temporal development of the secondary flow structures,
extensive simulations concerning the unsteady behavior of the flow field during
oscillating respiratory ventilation have been performed. The results evidence that
the temporal rate of change of the velocity has a strong impact on the development
of the flow field in the bifurcations. Simulations of oscillating flows have been
conducted for a ReD = 1050 and a α = 3.27 corresponding to a time period of
T = 3.7 s which describes a normal respiration at rest. The temporal change of
the mass flux has been prescribed by a sinusoidal curve shown in Fig. 5. The data
acquisition has been started after a transient time of two respiration cycles.

The velocity distributions for a whole respiration cycle are shown in Fig. 6 for
the trachea and the first bifurcation.

When the mass flux peaks, the flow field is almost identical with the steady
case distribution. At a phase angle of 45◦ the overall flow structures are already
fully developed. However, the high speed region in the left primary bronchus
still becomes more narrow at increasing phase angle. At expiration the overall
flow structure does not appear to change noticeably in time. The comparison with
the time dependent PIV findings from [3] shows the temporal behavior of the
numerically determined flow field to be in good agreement with the experimental
results.

In order to obtain insight into the development of secondary flow structures at
inspiration, the flow at the very beginning of inhalation, i.e., at very low Reynolds
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Figure 6: Velocity distributions at unsteady simulation. The numbers indicate the
phase angles depicted in Fig. 5.
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Figure 7: In-plane velocity distributions (arrows) and axial velocity contours
(shades of gray) for three cross sections depicted in Fig. 1(b). The
numbers indicate three subsequent time steps as shown in Fig. 5.

numbers, has been investigated. In Fig. 7 the temporal evolution of the flow field
in the left primary bronchus is shown for three time values indicated in Fig. 5.

The observed sequence starts 173 ms after the bulk velocity at the inlet cross
section has reversed. In Fig. 7(I) the distribution of the axial velocity shows a
rather flat pattern and no vortical structures are visible. The flow field is very
similar in all three cross sections. The second time step depicted in Fig. 7(II)
shows an increasing axial velocity and an incipient asymmetry of the axial
velocity distribution, i.e., the location of the peak value occurs close to the lower
wall. This development is enhanced in the stream-wise direction. The in-plane
velocity distribution evidences the formation of counter rotating vortical structures
throughout the cross sections. In the last stage of the analysis shown in Fig. 7(III)
both the counter-rotating vortices and the axial velocity distribution are very
similar to those observed at maximum inspiration in all three cross sections.

The numerical results show that the elementary vortical structures and the
high speed region which have been observed at maximum inspiration are already
encountered at a phase angle of 34◦ corresponding to a Reynolds number of
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ReD = 590. This is agreement with the experiment where the size of the counter-
rotating vortices has been found to be Reynolds number independent as long as the
Reynolds number is above a critical level.

4 Conclusions

The flow field in a realistic model of the human lung at steady inspiration and
expiration and at unsteady respiration has been simulated via the LBM. The
LBM has proved to be an efficient tool to simulate flows through highly intricate
geometries which have been resolved by an automatically generated Cartesian
mesh.

The steady flow field at inspiration and expiration has been analyzed for a
constant flow rate of 240 ml/s resulting in a Reynolds number based on the
hydraulic diameter of the throat region of ReD = 1250. The visualization has
evidenced the intricate three-dimensional character of the flow field. A pair of
counter-rotating vortices and a region of high speed flow have been observed
downstream of the first bifurcation in the left bronchus. The results have been
compared with PIV measurements and showed to be in very good agreement with
the experimental findings. Furthermore, the separation of the vortices in the next
bifurcation and a strong asymmetry have been observed.

In order to evidence the impact of an oscillating mass flux the unsteady flow field
has been analyzed at a Womersley number of α = 3.27 and a maximum Reynolds
number of ReD = 1050. In a preliminary analysis the overall flow structure has
been shown to be similar to that of the steady case. The growth of the vortical
structures in the left branch of the first bifurcation has been investigated in detail
for initiating inspiration. The numerical data evidences a strong dependence of the
shape and size of the secondary flow structures on the instantaneous mass flux. At
Reynolds numbers greater than ReD = 600 the overall shape of the flow field does
not change. At expiration the steady and unsteady flow solutions are found to be
very similar since hardly any secondary flow structures have been observed.

The obtained results reveal insight into the overall structure of the flow field in
a realistic lung geometry and emphasize the unsteady character of the flow field
when the flow conditions reverse. This knowledge is essential for the improvement
of artificial respiration devices and for the development of aerosol drug delivery
systems.
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